Abstract Global sugar beet production spans diverse regions and a wide range of climatic and agroecological regions from rainfed to irrigated production which presents unique management challenges. Sound nutrient management now and into the future must be balanced between production efficiency and managing to have less impact on the environment. N management continues to improve with more precise N rates. Soil testing for N supplying capability plus residual N will need to be increased to enhance productivity and N use efficiency. Newer cultivation techniques, N placement and timing can also fine tune N rates. In irrigated areas, improvements in N management will be coupled with better water management and conversion of furrow irrigation to sprinklers will accelerate improvements. Enhanced efficiency fertilizer products hold promise but require additional research under a range of conditions to determine cost and production effectiveness. Management for secondary and micronutrients seems adequate at this time. Precision agricultural applications for expanded site specific management in sugar beet are just beginning. Work with maize and wheat point to the potential of creating different management zones in fields and by using remote or close sensing to determine N status for N applications. Similar research will be needed to continue efficient sugar beet production.
Introduction
Sugar beet has a long and storied past with its 'literal' roots in Europe before being 'transplanted' to North America (Coons et al. 1955; Winner 1993) . Today, sugar beet accounts for about 35% of the world's sugar production (USDA-FAS 2010) . Sugar beet production in North America is spread across four diverse regions in the USA (Fig. 1 ) including beets grown in Alberta, Manitoba and Ontario, Canada. European production ranges from the Baltic states to the south in Spain and Greece but it also extends into Morocco. With changes in government policy in Europe because of agreements from recent World Trade Organization negotiations, production has declined in some areas but expanded into eastern Europe and the northern provinces of China. With such a wide range of climatic and agroecological regions from rainfed to irrigated production, there is an equally wide range of soil resources with different nutrient supplying capacity and needs. In an age of precision agriculture, GPS guidance and site specific management, fertilization of sugar beet must be approached from a similar basis.
There are numerous excellent references to fertilizer management and liming for sugar beet production (Cariolle and Duval 2006; Christenson and Draycott 2006; Draycott 1972 Draycott , 1993 . The purpose of this chapter is to review and reference those works and define the current situation of fertilizer management for sugar beet, but to also address future needs and developments to keep sugar beet a profitable crop for growers. In an age of enhanced internet connectivity, Twitter and Facebook, we must think about how we will deliver new information to reach the next generation of sugar beet growers.
Present Situation
Fertilizer management is the science, practice and art of understanding fertilizer source, placement, rate and timing as they relate to fertilizer use efficiency and the economics of production. The interaction of those management factors with different agroecological areas and soils leads to very different recommendations for the different nutrients. It also makes management and fertilizer recommendations truly regional and site specific.
Another constraint for any crop producer today in most countries is meeting the challenges of producing more of the food consumers want and expect without harming the environment This means keeping most of the nutrients in the crop and on the field or farm. Good nutrient management is as much about the fertilizers a producer purchases as it is about managing them to have limited impacts on the environment around and beyond the farm. This chapter will discuss the major nutritional needs of the crop but primarily the fertilizer management required to manage fertilizer rate, timing and placement. It will also discuss future needs and developments for improving management with new techniques related to precision agriculture, remote and close sensing and new or different fertilizer products.
Nitrogen
Sound nitrogen management is essential for optimal sugar production from beets. Nitrogen is probably the most studied nutrient for sugar beet because of it's direct relationship to yield and because it is the nutrient most limiting plant productivity (Loomis and Conor 1992) . The application of too little nitrogen will result in reduced root tonnage, however, the application of too much nitrogen will result in reduced sugar concentrations and increased impurities.
With the advent of significant commercial fertilizer productions after World War II, most of Europe and North America readily adopted commercial N sources in favor or green or animal manures. Ease and uniformity of spreading and reliability of consistent plant response helped the rapid adoption.
Nitrogen management is closely linked with soil water relationships (Black 1968; Burkhart and Stoner 2008; Cariolle and Duval 2006; Coyne 2008; Draycott 1993; Randall and Goss 2008; Raun and Schepers 2008; Ulrich and Hills 1990) . If rainfall were perfectly predictable, managing N would be much easier (de Koeijer et al. 2003) . Because of the interactions of nitrogen and water, the nitrogen section will be divided into rainfed and irrigated sub-sections to better describe management required by each type of production. Soil organic matter (OM) is the storehouse of nitrogen regardless of the production regime. Through the process of mineralization and immobilization, N is cycled from labile and resistant organic forms to mineral forms but also from mineral back to organic forms. We normally think of the process as mostly one way (mineralization) but both processes occur simultaneously (Jansson and Persson 1982; Myrold and Bottomley 2008) . Figure 2 shows a stylized N cycle. All forms of N, whether introduced as inorganic or organic sources pass through the cycle and are also subject to loss processes including denitrification and leaching (Coyne 2008; Francis et al., 2008; Mulla and Strock 2008) .
When crop or animal residues with a wide C:N ratio are added to soil, it can affect immobilization and mineralization. C:N ratios below 20:1 usually favor mineralization, whereas higher ratios (25:1 or higher) favor immobilization (Jansson and Persson 1982; Myrold and Bottomley 2008) . The timing of the additions of these materials can have little effect or a major effect on crop N nutrition depending on immobilization and re-mineralization in relation to crop demand for N.
Present Situation-Rainfed Production
The general shape of N response of sugar beets for root yield, percent sucrose, sucrose yield and impurities has been understood for years (Gardener and Robertson 1942; Hills and Ulrich 1971) and has been reaffirmed by numerous experiments and covered in recent publications (Cariolle and Duval 2006) . The response from a recent experiment using strip-tillage placement shows similar results (Fig. 3) .
The challenging part of N management then becomes determining the amount of N required to produce the most profitable amount of sugar from the field. A quote from Hills and Ulrich (1971) on nitrogen nutrition states ''One of the most critical questions a sugar beet grower must answer is how much nitrogen is needed for maximum net return for my beet field?'' Unfortunately, this question is also one of the most difficult to answer. The principle is simple enough: the amount of fertilizer N required is the difference between what the crop requires and what the soil will supply from mineralization and what will be present as usable residual nitrate-N. Determining that with some certainty is still not an exact science for all of the years of study and experimentation, but we are making better approximations.
For good fertilizer N management, the N application, N release and uptake must occur to allow good early canopy growth. This must be maintained to within about 4-6 weeks before harvest without having excess N (Cariolle and Duval 2006; Draycott and Christenson 2003; Hills and Ulrich 1971) . As harvest approaches, N availability should actually decrease to promote enhanced sucrose formation (Ulrich 1955; Loomis and Nevins 1963) . Managing that in practice, however, is difficult to achieve.
Predicting and Measuring Soil N Mineralization
Research on mineralization of N from soil has been thoroughly reviewed (Cabrera and Kissel 1988; Harmsen and Van Schreven 1955; Dahnke and Johnson 1990; Keeney 1982; Myrold and Bottomley 2008; Stanford 1982) For all of the research into determining N mineralization by different laboratory methods, no tests are still in use today at remaining US university soil testing laboratories or any of the commercial soil testing labs except for soil OM. A standard part of all soil testing is the determination of soil Hergert and Nielsen (2009) organic matter (Dahnke and Johnson 1990) . Different university laboratories have developed guidelines based on published research in their state for a given crop that provide annual average estimate of N release from OM (Dahnke and Johnson 1990) . Most often, these averages are used in prediction algorithms which include additional factors (Lamb et al. 2009; Warnake et al. 2009 ). This is also common in Europe (DEFRA 2010; Draycott and Christenson 2003) . The advantage is that organic matter is an easily determined soil property but it is usually only part of the answer.
In Europe, electro-ultrafiltration (EUF) has been a more recent attempt at determining available N from soils (Draycott and Christensen 2003) . It has been widely adopted in Austria, Germany and Ireland. Research in other areas (Denmark, France, United Kingdom) has not been as promising due to large variations in the amount of mineralization from year to year. The technique also has not been adopted in North America.
Other Soil Tests for Rainfed Areas
Research on the use of residual nitrate-N tests in the US began in the 1960s (Hergert 1987) . Until that time mineral N tests were considered to be of limited value (Bremner 1965) ; (Stewart et al. 1975 ) prepared a generalized average soil-water percolation map for US maize production which related well to potential areas for use based on annual leaching potential. Surveys of soil testing labs (Hergert 1987 ) showed adoption and current research at that time. The Red River Valley in western Minnesota was already using nitrate tests in the 1980s. Annual rainfall in that area ranges from 480 to 650 mm/year. Soil nitrate testing has a good probability of success west of the Mississippi River (Bronson 2008; Hergert 1987) or in regions with less than 600 mm of precipitation. East and north of this region, rainfall increases and evapotranspiration demand is somewhat lower leading to more nitrate leaching. In these areas, nitrate has been shown to help predict N need but with less certainty than in drier areas (Draycott and Christensen 2003) .
N Rate Recommendations for Rainfed Areas
In rainfed areas, managing N rate, placement and timing can be a challenge due to the uncertainty of precipitation (de Koeijer et al. 2003) . This can have significant effects on N use recovery and efficiency because of N losses from leaching or denitrification (Coyne 2008; Mulla and Strock 2008; Francis et al. 2008) . Most N recommendations in rainfed areas of North America and Europe are based on soil analyses similar to those described above. These methods are a modified classic mass-balance approach to estimate fertilizer N need based on crop N requirements, soil contributions (mineralized N and residual N) and other N source contributions (previous crop or manure) as modified by N uptake efficiency (Meisinger et al. 2008; Stanford 1982) . This approach has been effectively used in France (Remy and Hebert 1977; Machet et al. 1990 ) on more than 60% of the crop. It also includes measuring mineral N to a 90 cm depth before planting. A simplified version using mineral N to a 60 cm depth is used in Belgium (Cariolle and Duval 2006) .
In the United Kingdom, the Department of the Environment, Food and Rural Affairs (DEFRA) has recently published updated information for a number of crops including sugar beet (DEFRA 2010). It uses a field-classification system to access soil nitrogen supply (mineralization term) but also makes provisions for soil sampling to a 90 cm depth for mineral N. It has an option for no sampling and produces an estimate based on previous crop, fertilizer and manure additions, soil type and winter rainfall. As noted earlier, EUF is used in Germany, Austria and Ireland.
In North American rainfed production areas, there is a mix of N recommendations based on soil type and yield potential as well as sampling for mineral N (Franzen 2003; Lamb et al. 2009; Warnake et al. 2009 ). Research reviews between scientists and grower organizations are held each year in many areas and serve as a basis for modifying recommendations and making changes that incorporate new information. As an example, the production guide for the Red River valley (http://www.sbreb.org/production/ production.htm) includes a date after which recommendations should not be used. With more web-based information, providing real-time access to the most current information is becoming the norm. An example of how recommendations vary is presented in Table 1 which shows recommendation equations for different areas.
N recommendations systems have evolved and are quite different from region to region based on local research and interpretation. The important factor is that these differences reflect a good degree of site specificity that is important for improved nutrient use efficiency and lower environmental effects.
N Timing and Placement in Rainfed Production
The numerous experiments defining differences or similarities between N sources has usually shown little difference (Cariolle and Duval 2006; Draycott and Christenson 2003; Draycott 1972 Draycott , 1993 Ulrich and Hills 1990) . Significant differences, however have been shown for N timing and placement. A thorough review by van Burg et al. (1983) showed that application of 50-75% of the N up to 4-6 weeks after sowing gave similar results compared to seedbed application and that later N applications increased the risk of reduced sugar content.
During the last 30 years, the window for N application in rainfed production areas has generally been reduced to spring time before planting through early in the growing season as a means of improving N use efficiency and reducing environmental effects, primarily leaching (DEFRA 2010; Draycott and Christenson 2003) . Those studies often show that spring application is superior to fall application, primarily due to lower N loss.
Placement studies may or may not show differences. The primary reason for differences is often positional availability due to leaching (Draycott 1993) or a toxic effect from too much fertilizer close to seedlings (Blumenthal 2001; Last et al. 1983) . Foliar feeding also has not shown an advantage (Lamb and Moraghan 1993) to soil-applied N. Recently there has been interest in reduced tillage systems using different application method including banding and point-injection. There have been few reports from rainfed areas (Cavalaris and Gemtos 2002; Overstreet, 2009) . Part of the limitation in reduced till systems is weed control which can lower yields (Cavalaris and Gemtos 2002) In the USA, introduction of RoundUp Ready Ò technology, however, has accelerated reduced tillage adoption. Research from Europe and the US was reported at the 2010 IIRB conference in Copenhagen (http://www.iirb.org/site/en/215/ abstracts-and-proceedings.html) (Fig. 3) .
Present Situation-Irrigated Production
Soil Tests and N Rate Recommendations for Irrigated Conditions In drier climates where irrigation is required, irrigation management is a key to N management. In the US, sprinkler irrigation continues to grow and in many areas is replacing furrow irrigation (USDA-NASS 2010). The enhanced efficiencies from improved water application and distribution improved uniformity in plant growth and rooting. Currently, the main consideration for N fertilizer recommendations are based on residual nitrate in the soil (Blumenthal 2001; Davis and Westfall 2009; Jacobsen et al. 2003) .
In many irrigated areas, soils were developed under semiarid conditions and soil organic matter levels are low and consequent N mineralization is also low (Anderson and Peterson 1988; Bilboa et al. 2004; Carter and Traveller 1981; Hills and Ulrich 1971) so it is less of a factor in developing N recommendations than in rainfed areas with higher OM (Fig. 4) .
Rooting depths under irrigation often reach depths of at least 1.2 m, but often extend below 1.8 m (Peterson et al. 1979) . A good example is shown in Fig. 5 . Early research clearly established the importance of this means of improving N recommendations (Gilbert et al. 1981; James et al. 1971; Reuss and Rao 1971) and other work established sugar beet N uptake from deeper levels (Anderson et al. 1972) .
In irrigated areas of Spain, preplant measurement of soil nitrate has also proven to be very effective in distinguishing between responsive and non-responsive sites (Bilboa et al. 2004) . A critical level of 39 mg kg -1 was established that maximized root and sucrose yield. When a price correction was applied for sucrose content (a practice common in Spain and the US), the critical level was 33 mg kg -1 .
N Timing and Placement Under Irrigation
As noted in the section on rainfed production, few differences between different N timings and placement for N sources have been shown under irrigated conditions (Carter and Traveller 1981; Draycott and Christenson 2003; Hills and Ulrich 1971) . The strongest evidence for the advantage of splitting N applications is from a detailed study of N (2006) b EY = expected yield in tons per hectare. Equations for the US have been converted from tons per acre c B is N requirement, k1, k2, k3 and p are coefficients adapted to local conditions and F is the relation of the two fractions of two fractions of the N-Org extraction d SNS is the soil nitrogen supply category determined as that is available for uptake by the crop through its entire life taking into account N losses timing conducted by Anderson and Peterson (1988) using N rates from 30 to 270 kg -1 with weekly splits of 30, 60 or 90 kg N. The experimental site was depleted of residual nitrate by previous cropping and leaching the previous year. In two of three years (without hail), 180 kg N was required for maximum yield with a soil residual of only 40 kg nitrate in 1.8 m. The six splits of 30 kg N per week produced more sucrose than did three 60-kg portions or two 90-kg portions of N. No similar detailed work has been conducted but this work points to the potential of more precision with multiple timings for the future. This is very practical today with injection of N solution and center pivot irrigation.
Precision N placement has been an option for over 20 years but limited work has been done with sugar beet (Baker et al. 1989; Halvorson and Hartman 1988) . A recent study compared preplant point injection (PI), knifed banding (KB) and broadcast incorporated (BI) N (Stevens et al. 2007 ). The PI injection was 8 cm from the seed row whereas the KB was 18 cm from the seed row. The authors concluded that PI enhanced root yield while having the least effect on sucrose content and improved nitrogen use efficiency (NUE). PI generally produced the highest yields and NUE and was similar to KB. Both were an improvement over BI.
Strip tillage (ST), which is also referred to as zone tillage, loosens soil where the seed row will be while leaving the inter-row soil and any crop residue undisturbed. This provides a compromise between conventional tillage (CT) and no-till systems (NT). Early research in sugar beet with ST was favorable (Halvorson and Hartman 1984) but the power-driven rotary strip tillage implement did not gain commercial production due to slow ground speeds and high maintenance costs.
In the last 10 years many companies have developed machinery that has gained wide acceptance in maize and soybean production in the US Corn Belt (Al-Kaisi and Licht 2004). Most of these equipment configurations consist of a single-shank and a series of coulters and packer wheels. On many of the shanks, fertilizer can be banded within the tilled zone at various depths below the seed row. There have been limited studies with sugar beet due to equipment availability and cost that fits conventional plot work, but recent studies have shown the method to be equal or better than conventional broadcasting of N (Evans et al. 2010; Hergert and Nielsen 2009; Stevens et al. 2007 ). The energy requirements are considerably less than with conventional moldboard plowing and subsequent seedbed preparation. The advent of Roundup Ready sugar beet seed in the US has prompted increased use of this method because of improved weed control in reduced tillage situations.
The studies discussed point to the future of precision agriculture and that improvements in N use efficiency and lower rates are still attainable in the twenty first century.
Phosphorus, Potassium and Other Nutrients
Phosphorus (P) and potassium (K) are major nutrients needed for sugar beet production. In the early production years, soils were often low in P. Animal manures contain significant P, but were usually spread to supply limited amounts of N and also limited amounts of P. The advent of commercial fertilizer P sources and support of P fertility by sugar companies led to higher soil P. Today only small increases (if any) in yield from P occur in areas with a history of production. This may not be the case, however, in newer areas of production. The advantage for these areas is the availability of soil tests for many different soil types or conditions and recommendations that can be adapted from other areas. A similar situation exists for soil K.
Early P placement studies on low P soils often showed differences between broadcasting and banding (Schmehl and James 1971) . This same review showed banding below the seed was even superior to banding 5 cm to the side and below the seed. Summaries of more recent work have not always shown a clear advantage (Draycott and Christenson 2003) . Soil testing is an important tool in managing P to maintain adequate levels of P but is equally important to determine when soil P levels are reaching levels that may cause environmental problems. This is a major concern in both North America and Europe and P levels are maintained to assure good production while reducing soil test levels to not cause excessive P losses primarily through erosion.
Most soils developed under higher rainfall ([500 mm/ year) have lost basic cations during the soil development process. Many of these soils require liming and K. In drier regions of the world where sugar beets are irrigated, soils usually have much higher potassium soil test levels than needed for optimal sugar beet production.
The likelihood of obtaining a response to sulfur fertilizers on sugar beets in irrigated areas is quite small because irrigation water often contains sufficient sulfate to meet S requirements. The problem was noted years ago in California (Ulrich and Hills 1969) but has not been reported as a concern in recent US research (Draycott and Christenson 2003) . If sugar beets are grown on soils with less than 1% organic matter and irrigation water levels of sulfate are less than 6 mg/kg, 10 kg/ha S may be applied. In higher rainfall areas of the USA, there have not been significant increases from S application (Draycott and Christenson 2003) . Because of environmental concerns, commercial fertilizers (primarily phosphates) now have much lower levels of S as trace contaminants. Cleanup of stack gasses from different industries across the USA and Europe has also reduced atmospheric deposition (wet and dry fall) so the potential exists for S needs in the future.
In the USA, the DTPA soil test (Lindsay and Norvell 1978) has been calibrated to determine critical levels of Zn, Fe, Mn and Cu. Fertilizer recommendations have been developed for maize, but there has been little work and response for any micronutrients in sugar beet. As a safeguard, if the DTPA zinc soil test level is less than 0.5 mg/kg, growers in the western US are advised to apply 1 kg Zn/ha in a band or 5 kg Zn/acre broadcast from zinc sulfate or other soluble forms (Blumenthal 2001; Davis and Westfall 2009) . The likelihood of obtaining a response in sugar beets to the application of other fertilizer nutrients has generally not been reported (Draycott and Christenson 2003; Viets and Robertson 1971) .
Future Needs and Developments
Future needs in sugar beet fertilization will center around enhanced efficiency that supports reduced off-farm effect of nutrients on water resources-both surface and ground water. The nutrients of primary interest will be N and P. Slow release N products have been available for over 25 years (Hauck 1985) but only a few came into large scale commercial use. Enhanced efficiency fertilizers (EEF) is a newer term for new formulations that control fertilizer release or alter reactions that lead to nutrient losses. The mechanisms or products include fertilizer additives, physical barriers or different chemical formulations and are similar to earlier versions (Hauck 1985) . Most of the product development has been for N compounds (Table 2) .
Most of these products are considerably higher in cost than conventional fertilizers and although some are being actively marketed, many are still in the research phase. It remains to be seen whether any of the products can match the N uptake demand for the different crops grown, including sugar beets, that will provide major improvements over conventional sources, timing or placement combinations. The enhanced efficiencies must be coupled with accurate rate recommendations to attain improvement. Again, if soil and climatic conditions are not conducive to N loss, EEFs will be no better than standard fertilizers. They may simply be needed as insurance of yield potential and reduction of losses as opposed to a guarantee of increased yield. They do present some excitement in the mature technology of fertilizers, however.
Site specific management (SSM) or Precision Agriculture (PA) applications continue to advance with GPS guided equipment and mapping for grain crops. About 15 years ago there were predictions of major adoptions of SSM and PA applications including variable rate fertilizer (VRT) application (Hergert 1998) . There has been limited adoption of grid sampling and VRT during that time but there has been major adoption of GPS guidance systems. Mapping yield (tonnage) can be accomplished for beets but the challenge with sugar beet is also determining sugar content on-the-go on a spatial basis (Kaffka et al. 2005) . The other aspect of PA is managing spatial and temporal variability. Intensive sampling and mapping envisioned 15 years ago (Wollenhaupt et al. 1997) has not occurred on a broad scale. There is still considerable research that needs to be done to improve fertilizer recommendations from whole-field management for SSM (Hergert et al. 1997) . A simplification of SSM was the development of the Management Zone concept. Research has shown that is difficult to develop management zones without significant data collection (Schepers et al. 2004) .
The growth of sensor technology, however, holds the promise of taking numerous measurements to develop more data-dense maps (Adamchuk et al. 2004) . To date, the main parameter of interest measured is soil pH. Electrical conductivity is usually measured (Adamchuk et al. 2004 ), but it is not a stand-alone parameter that can be directly related to soil nutrient needs. Other sensors are in the development phase and hold promise, but extensive research will need to be done to develop techniques for data management and interpretation that can be translated into usable management recommendations and application maps that can be downloaded into computers that drive application equipment.
Remote or close sensing collects data acquired by a device not in contact with the crop. It could be images from a satellite [e.g. Landsat (USA), Galileo (Europe), GLON-ASS (Russia), CNSS (China)], aerial photography (digital, regular spectra, hyperspectral, infrared) or it could be close-sensing from sensors placed above the field on a tractor-mounted system or on a center pivot irrigation system. There has been considerable research in the USA during the last 10 years on different methods, primarily crop sensing of maize and wheat for N management (Raun et al. 2002; Raun et al. 2005; Roberts et al. 2009; Samborski et al. 2009; Solari et al. 2008) . In Europe, Yara has provided leadership with the N Sensor system (http://www. sensoroffice.com/hp_home2/index.jsp) in small grains. Limited research has been done with sugar beet (Franzen 2004) . The challenge is that significant N deficiency may not be detected until a late enough stage of development such that N additions might affect sugar content. After 10 years of research, the first algorithms for grain crops are just being developed. Research on sugar beets is only beginning, so it will be several years to see if the technology has application.
In irrigated areas, many of the improvements in N management will be coupled with better water management. Early research (Anderson and Peterson 1988) showed the potential of multiple N applications. The difficulty with improved management in an era of continuing increased farm size, is the demand of time to perform additional operations.
Past research shows there are significant gains possible from different placement and timing applications. New enhanced efficiency fertilizers also hold promise but are still in early stages of adoption. Crop sensor and soil sensor technology is just being adopted for some crops but not yet for sugar beets. More intensive management can improve efficiency and reduce environmental effects, but the cost or perceived cost in terms of value to the producer must be low enough or provide enough incentive to adopt it or the penalty for not doing it is sufficient to provide the impetus for adoption. As farm operations continue to grow, producers will adopt new technology if it is simple, easy to learn and use, affordable and reduces labor or improves convenience. A good example is the rapid adoption of GPS guidance on tractors and combines in the USA in the last 10 years. The challenge is combining new technologies of products and management that provide growers improved efficiency, simplicity and value. The technologies and products are here, but the improvements that can be made, the cost or perceived cost, changes in government regulations and the value to producers will be determined over the next few years.
